The location of target DNA sequences within chromatin may affect the ability of trans-acting factors to bind cis-elements and regulate gene transcription. To examine the effect of chromatin structure on the ability of the estrogen-estrogen receptor complex (E2R) to bind its respective DNA binding element within the rat prolactin (rPRL) gene and modulate rPRL gene expression, we have developed cell lines derived from the rPRL-expressing (rPRL + ) rat pituitary cell line GH3 and the rPRL-non-expressing (rPRL -) rat embryo fibroblast cell line Rat1. These cell lines contain minichromosomes composed of the 5′ upstream regulatory region of the rPRL gene driving expression of a reporter gene, Tn5, within a bovine papillomavirus (BPV) vector. The rPRL-Tn5 gene retains the characteristics of cell-specific expression and estrogen inducibility of transcription displayed by the endogenous rPRL gene. The distal enhancer region, which contains an estrogen response element, was found to exist in a nucleosomefree region in pituitary-derived cells even in the absence of estrogen. In contrast, the rPRL distal enhancer in fibroblast cells was found to be randomly packaged into nucleosomes. These results indicate that DNA sequence is not sufficient to position nucleosomes in the rPRL gene. Rather, it suggests that cell-specific factors are present in pituitary cells that modify the chromatin structure of the distal enhancer which allow E2R to bind to its response element.
INTRODUCTION
DNA does not exist as a protein-free entity within the eukaryotic nucleus. Instead, eukaryotic DNA is associated with many proteins in large hierarchical complexes called chromatin. The most basic packaging unit of chromatin is the nucleosome, which contains 146 bp of double-stranded DNA wrapped around an octamer core of histone proteins. This packaging naturally limits the accessibility of trans-acting factors to specific DNA sequences. To overcome this impediment, genes that are constitutively expressed must maintain nucleosome-free regions which ensure that transcription factors have access to important DNA regulatory elements. In contrast, the degree of chromatin packaging and, consequently, the degree of transcription factor accessibility to regulatory regions of inducible genes may vary in response to specific stimuli that may be a function of a stage of development or a specific cell type (reviewed in 1).
Transcription factors differ in their ability to bind nucleosomal templates. Both GAL4 (2) and the glucocorticoid-glucocorticoid receptor complex (3) (4) (5) can bind their respective cis-acting elements when the DNA sequence is wrapped around a nucleosome, although the affinity of binding is strongly dependent upon both the rotational and translational position of the recognition element with respect to the surface of the nucleosome (6) . In contrast, other transcription factors, including heat shock factor (HSF) (2), nuclear factor 1 (3, 4) and TFIID (7) , are unable to bind their response elements within a nucleosome. To accommodate these varying binding affinities the chromatin structure of genes is organized differently. Under basal conditions a nucleosomal array exists over the glucocorticoid regulatory elements (GRE) in both the mouse mammary tumor virus long terminal repeat in mouse C127 cells (8) and the tyrosine aminotransferase gene in liver cells (9) . Upon glucocorticoid treatment the nucleosome encompassing the GRE is disrupted, providing access for additional transcription factors to the DNA sequences within this region. In contrast, other genes have transcriptional regulatory elements located in nucleosomefree regions even in the uninduced state. The heat shock protein (HSP) genes are examples of these preset or primed genes. Under non-stress conditions both RNA polymerase II (10) and the TFIID complex (11) are bound to HSP promoters, while two HSF binding sites are free of nucleosomes (11, 12) . Upon heat shock, HSF can bind its response elements located in these nucleosome-free regions leading to activation of transcription.
In vivo, the rat prolactin gene (rPRL) is expressed primarily in lactotrophic and somatotrophic cells of the anterior pituitary gland. Expression of the gene is governed by a number of tissue-specific factors and hormones that act through two regulatory domains, the distal enhancer (-1500 to -1800) and the proximal promoter (+1 to -200), located 5′ upstream of the transcriptional start site of the gene (reviewed in 13). The tissue-specific expression of rPRL appears to be determined to a large extent by the pituitary-specific factor Pit-1 (14) (15) (16) . In vitro Pit-1 binds to DNA sequences located in both the distal enhancer and the proximal promoter regions of the rPRL gene (17) . The steroid hormone 17β-estradiol (E2) has been shown to induce rPRL transcription (18) . Deletion studies have identified a DNA sequence motif or response element located in the distal enhancer that is required for E2-mediated transcriptional activation (19, 20) . For E2-mediated induction of rPRL transcription to occur, it is imperative that the E2-estrogen * To whom correspondence should be addressed receptor complex (E2R) locate and bind to its response element. In vitro studies by Schlid et al. (21) demonstrated that the estrogen receptor was incapable of binding to an estrogen response element (ERE) which was occupied by a nucleosome. Therefore, in vivo the accessibility of the ERE to E2R and subsequent induction of transcription may be strongly influenced by the chromatin structure of the distal enhancer.
To investigate the role of chromatin structure in the regulation of rPRL gene expression we have created a series of cell lines derived from rPRL-expressing (rPRL + ) rat pituitary GH3 cells and rPRLnon-expressing (rPRL -) rat embryo Rat1 fibroblasts that contain bovine papillomavirus vectors as multicopy nuclear episomes (22) . These episomes are packaged in nucleosome-like structures and contain a hybrid gene composed of the initial 1941 bp of the 5′ flanking sequences of the rPRL gene driving expression of the Tn5 gene (rPRL minichromosomes) (23) . In this study we have used these cell lines to determine the accessibility of the distal enhancer region of the rPRL-Tn5 gene to trans-acting factors. The results from DNase I hypersensitivity studies and nucleosome mapping using micrococcal nuclease (MNase) indicate that the chromatin structure of rPRL is primed for E2-mediated transcriptional activation in pituitary cells, but not in fibroblasts. This priming event occurs independent of E2 and results in the creation of a nucleosome-free region in the rPRL distal enhancer in rat pituitary cells, whereas in rat fibroblasts the distal enhancer is packaged randomly into nucleosomes. Pituitary-specific factors, such as Pit-1, perhaps in combination with unidentified ubiquitous factors, are most likely responsible for priming the rPRL chromatin.
MATERIALS AND METHODS

Cell culture conditions and isolation of nuclei
The creation and characterization of GH3 and Rat1 cell lines that contain the rPRL-Tn5-BPV minichromosome have been described (22) . To examine the effects of hormones on chromatin structure and transcription, G1I cells were plated in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum at 3-4 × 10 6 cells/75 cm 2 flask. After 18-24 h the cells were rinsed and incubated in DMEM without phenol red containing 10% newborn calf serum (low steroid medium). Cells were grown for 2-3 days in low steroid medium, refeeding every 24 h, and then challenged with hormone. After 18 h hormone treatment the cells were harvested and resuspended in cell lysis buffer (20 mM triethanolamine-HCl, 60 mM KCl, 15 mM NaCl, 2 mM EDTA, 0.5 mM EGTA, 0.5 mM spermidine, 0.2 mM spermine, 5% sucrose, 7 mM β-mercaptoethanol, 0.25 mM phenylmethylsulfonyl flouride) at a concentration of 1-2 × 10 7 cells/ml. All subsequent procedures were performed at 0-4_C. The cells were lysed by addition of Nonidet P-40 to 0.25% and incubated for 5 min. The nuclei were recovered by centrifugation at 750 g for 5 min. The supernatant was removed and the pellet resuspended in cell lysis buffer at a concentration of 2-4 × 10 7 nuclei/ml. The nuclei were layered over a 3 ml cushion of cell lysis buffer containing 20% sucrose and centrifuged for 15 min at 1000 g. The resulting nuclear pellet was used for chromatin structure analysis.
Transcription rates
G1I and R1L cells were cultured as described above. Nuclei were isolated and rates of Tn5 gene transcription were determined by run-on transcription assays, as previously described (22) .
Chromatin structure analysis
Deoxyribonuclease I analyses. Deoxyribonuclease I (DNase I) hypersensitivity studies were performed as previously described (23) .
Micrococcal nuclease analyses. Gradient-purified nuclei were washed once with nuclease digestion buffer (10% glycerol, 60 mM KCl, 15 mM NaCl, 20 mM Tris-HCl, pH 7.5, 2.5 mM CaCl 2 , 0.5 mM dithiothreitol), then resuspended in nuclease buffer to an OD 260 of 15. The G1I and R1L chromatin were digested with a range of Mnase (Worthington Biochemical Corporation) concentrations for 5 min at ambient temperature. Purified protein-free (PF) DNA was treated with 10-fold less MNase for 2 min at ambient temperature to serve as a control for MNase digestion. The reactions were stopped with SDS/proteinase K/EDTA and the DNA purified by phenol/chloroform extractions and ethanol precipitation. Twenty micrograms of G1I genomic DNA and 40 µg R1L genomic DNA were used directly to detect nucleosomal arrays flanking the enhancer region or digested with BglII and AseI to determine nucleosome positions in the rPRL distal enhancer. DNA fragments were separated on 2% SeaKem GTG agarose (FMC Bioproducts) gels in 1× Tris/acetate/EDTA buffer and transferred to nylon membranes. Blots containing non-digested DNA were hybridized with a 32 P-labeled 1042 bp AvaI-BamHI BPV probe and washed as previously described (23) . To perform indirect end-labeling on AseI and BglII-restricted DNA a 204 bp 3′→5′ probe corresponding to an AseI-CfoI rPRL fragment was generated by polymerase chain reaction (PCR) using a 1941 bp PstI-PstI rPRL fragment as template and oligonucleotides IX (5′-GCGCTCCTTCCACAAAT-GAACTG-TA-3′) and X (3′-ATTAATAAACAGAGACTAGGA-GAAC-5′). Each PCR reaction consisted of 100 pg template, 1 µM oligonucleotide primers, 3 mM MgCl 2 , 200 µM each dATP, dGTP and dTTP, 0.7 µM [α-32 P]dCTP (3000 Ci/mmol), 1.3 µM dCTP, 1× Promega Taq buffer (50 mM KCl, 10 mM Tris-HCl, pH 9 at 25_C, 0.1% Triton X-100) and 2.5 U Taq DNA polymerase (Promega) in a total volume of 50 µl. Samples were preheated for 10 min at 95_C, placed on ice for 5 min and then subjected to cycling conditions of 94_C for 60 s, 55_C for 30 s and 72_C for 30 s for three cycles, followed by 27 cycles of 94_C for 15 s, 55_C for 15 s and 72_C for 15 s (BIOS Corporation Biosycler™ oven). Unincorporated nucleotides were separated from the full-length PCR-generated probes using a QIAquick-spin PCR purification kit (Qiagen) according to the manufacturer's directions. Specific activities of 1.0-3.0 × 10 9 c.p.m./µg DNA were obtained. Blots of BglII and AseI-restricted DNA were prehybridized for 1 h at 55_C in 5× SSPE (1× SSPE = 180 mM M NaCl, 5 mM monobasic sodium phosphate, 5 mM dibasic sodium phosphate, 1 mM EDTA, pH 7.0), 5× Denhardt's, 0.5% SDS and 100 µg/ml sheared denatured herring sperm DNA. Hybridization using the 32 P-labeled AseI-CfoI probe was carried out for 18 h at 55_C in 5× SSPE, 0.5% SDS, 100 µg/ml sheared denatured herring sperm DNA. These blots were washed sequentially with 2× SSC (1× SSC = 150 mM NaCl, 15 mM sodium citrate), 0.5% SDS for 5 min and 2× SSC, 0.1% SDS for 15 min at room temperature, 0.2× SSC, 0.5% SDS for 45 min at 37_C and 0.1× SSC, 0.1% SDS for 15 min at 65_C. All blots were exposed to Kodak XAR film for 1-4 days with one or two intensifying screens. Autoradiograms were scanned using a laser densitometer (Hoeffer) and analyzed using Macintosh-based Paedia software. Densitometry was performed on autoradiograms exposed within the linear range of the film (normally a 1 day exposure), while the figures shown are from autoradiograms exposed for 3-4 days. Areas under the repetitive signal peaks were determined using the Gaussian method of integration.
RESULTS
Expression of the rPRL-Tn5 hybrid gene in G1I rat pituitary cells and R1L rat fibroblast cells
rPRL-expressing GH 3 pituitary cells and rPRL-non-expressing Rat1 fibroblasts were transfected with the vector rPRL-Tn5-BPV, selected for resistance to G418, and the clonal lines were expanded. The episomal and unrearranged state of the transfected vector within two G418-resistant clones, the GH 3 clone G1I and the Rat1 clone R1L, were verified by restriction enzyme digestion and Southern analysis of total genomic DNA. The rPRL minichromosome exists at a amplified level of ∼50 copies/cell in G1I cells, while the copy number in R1L cells is ∼25 (22) .
The transcriptional activity of the rPRL-Tn5 gene in G1I and R1L cells was examined by nuclear transcription run-on assays (Fig. 1) . The maximum rate of rPRL-Tn5 transcription in G1I cells was obtained by culturing the cells in media containing 10% fetal bovine serum plus 10 nM E2. This rate was ∼20-fold greater than the rate observed in R1L cells cultured under similar conditions. This difference in transcriptional activity of rPRL-Tn5 cannot fully be explained by the 2-fold lower copy number of rPRL minichromosomes in R1L cells compared with G1I cells, but rather reflects the requirement for pituitary-specific factors for rPRL transcription. Treatment of G1I cells in low steroid calf serum medium with E2 (CS + E2) elevated the rate of rPRL-Tn5 transcription by ∼2-fold compared with the control (CS). In contrast, treatment with E2 has no effect on rPRL-Tn5 transcription in R1L cells, due to the absence of estrogen receptor in R1L cells (24, 25) . Treatment of cells with the estrogen antagonist monohydroxytamoxifen (CS + MHT) did not affect the rate of rPRL-Tn5 transcription in either G1I or R1L cells compared with the control. It is important to note that although there is measurable rPRL-Tn5 transcriptional activity in R1L cells, there was no measurable transcriptional activity of the endogenous rPRL gene in these cells (Willis and Seyfred, unpublished results; 25). The rPRL-Tn5 activity in R1L cells is probably a result of the selection pressure placed on the cells by the antibiotic G418.
Nucleosomal arrays exist on rPRL minichromosomes of G1I rat pituitary cells and R1L rat fibroblast cells
To verify that the rPRL minichromosomes were packaged into chromatin, the rPRL minichromosomes were examined for the presence of nucleosomal arrays using the enzyme MNase, which cuts in the linker regions between nucleosomes. Southern blot analysis of DNA obtained from nuclei digested with MNase revealed a regularly spaced pattern of MNase digestion sites in both the G1I and R1L samples (Fig. 2) . The distance between the MNase cleavages ranged from 122 to 185 bp, consistent with the presence of nucleosomal arrays. We had previously shown that rPRL minichromosomes in G1I cells were packaged into nucleosomes (23) . Arrays of three to five nucleosomes extending ∼1000 bp can be observed using this range of MNase concentrations and agarose gel separation conditions. 
DNase I sensitivity of the rPRL-Tn5 gene in G1I rat pituitary cells and R1L rat fibroblast cells
The chromatin structure of tissue-specific regulatory elements, such as the enhancer of the serum albumin gene, is different in cells where the enhancer is active than in cells where it is inactive (26) . Similarly, the rPRL 5′ regulatory region may have a different chromatin structure in rat pituitary cells where rPRL is expressed than in rat fibroblasts where rPRL is not expressed. We compared the chromatin structure of rPRL minichromosomes from G1I and R1L cells for any gross differences that might support this hypothesis. When the 5′-flanking region of the rPRL-Tn5 gene in R1L cells was examined for DNase I hypersensitivity in response to E2 or control treatments no regions in the rPRL chromatin were sensitive to DNase I digestion (Fig. 3) . Three additional independent R1L cell preparations also failed to display any sensitivity to DNase I, even at higher DNase I concentrations (8 U/ml) and temperature (37_C). The 4000 and 3700 bp fragments that were generated were not dependent upon exogenous DNase I and probably represent non-specific binding of the hybridization probe to repetitive DNA sequences. In contrast, two regions in the 5′-flanking region of the rPRL-Tn5 gene in G1I cells whose centers map to positions -50 and -1650 were hypersensitive to DNase I. In addition, nuclease hypersensitivity of these regions was induced by treatment of the cells with E2, as previously reported (23) . These hypersensitive sites map to the two key transcription regulatory regions of the rPRL gene, the 5′ distal enhancer (-1800 to -1500) and the proximal promoter (-200 to +1) (13) .
Position of nucleosomes on the rPRL regulatory region in G1I rat pituitary cells and R1L rat fibroblast cells
Although nucleosomal arrays are present on the rPRL minichromosome in both R1L and G1I cells, it is not clear if the positions of specific nucleosomes on the rPRL minichromosome are the same in the two cell types. Since there is a marked difference in expression of the rPRL-Tn5 gene (Fig. 1) and accessibility of the distal enhancer to DNase I (Fig. 3 ) in G1I versus R1L cells, it is of particular interest to determine the position of specific nucleosomes within the distal enhancer element of the rPRL-Tn5 gene. To map the positions of these nucleosomes nuclei were isolated from G1I and R1L cells that had been grown in low steroid medium and then treated with increasing amounts of MNase. Indirect end-labeling analyses were performed to determine the position of MNase digestion sites by using a 204 bp 32 P-labeled probe complementary to a region 3′ of the distal enhancer (Fig. 4A) . As a control for sequence-specific cleavage MNase analyses were also performed on PF genomic DNA isolated from G1I and R1L cells. These digestions used ∼10-fold less MNase and were performed at ambient temperature for only 2 min, as compared with 5 min for the chromatin samples. Autoradiograms were analyzed by scanning densitometry to assign positions of the MNase cleavage sites within the rPRL minichromosome ( Fig. 4B and C) . Comparisons between rPRL-Tn5 chromatin and PF DNA were made on Figure 3 . The 5′-flanking region of the rPRL gene in the rPRL minichromosomes of Rat1 fibroblasts is refractive to DNase I digestion. Nuclei were isolated from G1I pituitary cells and R1L fibroblast cells grown in medium containing 10% calf serum and treated as described in Figure 1 with ethanol vehicle (C) or E2 (E). The nuclei were digested with increasing concentrations of DNase I for 10 min at 30_C. Ten micrograms of purified R1L DNA and 5 µg purified G1I DNA were digested to completion with AvaI and then subjected to indirect end-labeling analysis using a 1042 bp 32 P-labeled AvaI-BamHI BPV DNA fragment. DNA fragment sizes listed on the left were obtained by hybridization to a partial PstI digest of a pBR322-BPV 69 plasmid. The results shown are representative of four independent experiments. samples that were digested to a similar extent by MNase, as determined by ethidium bromide staining of the DNA fragments in agarose gels (data not shown). The densitometric scans obtained from the autoradiograms were normalized using the signal generated by hybridization of the 204 bp 3′ probe to a 1675 bp repetitive fragment also observed in GH3 DNA (lane 5, Fig. 4A ). Although the general pattern of MNase cleavage sites was very similar in PF DNA compared with G1I chromatin, the amount of specific cleavage was much greater in the rPRL-Tn5 chromatin lanes compared with the PF DNA lanes after normalization to the repetitive fragment. These results indicate that specific DNA sequences in the 5′ upstream regulatory region of rPRL-Tn5 chromatin were preferred sites of MNase digestion relative to other regions. In contrast, virtually all DNA sequences in the PF DNA sample displayed a high accessibility to MNase. The moderately intense signals observed in the PF DNA were a result of sequence-specific cleavage due to the high A/T content (∼60%) of the region.
Regions of enhanced cleavage in the rPRL-Tn5 chromatin represent DNA sequences in isolated nuclei that were highly accessible to MNase and relatively devoid of proteins or protein complexes. In contrast, regions protected from MNase cleavage reflect DNA sequences that were not accessible to the enzyme as a result of protein or protein complexes binding to the DNA. corresponding to the G1I PF DNA 32 U/ml MNase lane (solid line) overlaid by a scan corresponding to the G1I chromatin 80 U/ml MNase lane. For comparison signals generated from G1I PF DNA and G1I chromatin were normalized to the peak heights of the 1675 bp repetitive fragments (rep). The areas under the peak representing the repetitive sequences were 8160 and 13 858 units for the G1I PF and G1I chromatin respectively. rPRL map units of MNase fragments formed from G1I pituitary chromatin are listed above the densitometric peaks corresponding to those fragments. (C) Densitometric scan of the autoradiogram presented in (A) corresponding to the R1L PF DNA 128 U/ml MNase lane (solid line) overlaid by a scan corresponding to the R1L chromatin 80 U/ml MNase lane. Signals generated from PF DNA and R1L chromatin were normalized to the 1675 bp repetitive fragment (rep) as described in (B). The areas under the peak representing the repetitive sequences were 8748 and 10 187 units for the R1L PF DNA and R1L chromatin respectively. rPRL map units of MNase fragments formed in R1L chromatin are listed above the densitometric peaks corresponding to those fragments. regions between nucleosomes. Thus in G1I cells nucleosomes could be assigned to positions between -1640 and -1806, -1806 and +57, +57 and +289 and +289 and +484 5′ of rPRL. We were unable to map positions of nucleosomes further 5′ of rPRL than +484 due to the lack of resolution of the 2% agarose gels for fragments >1300 bp. The position of these nucleosomes was verified using a 276 bp probe that is complementary to a region 5′ of the distal enhancer. This probe also allowed detection of nucleosomes 3′ of the distal enhancer between -1299 and -1120 and -1120 and -954 (data not shown).
In contrast, there was a striking similarity in the sites of MNase digestion and the degree of digestion of the rPRL minichromosome in R1L PF DNA (R1L PF) compared with R1L chromatin (Fig. 4A  and C) . This observation was made in samples of genomic DNA that were digested by MNase to a similar extent, as judged by ethidium bromide staining of the DNA fragments in agarose gels (data not shown). Similar results were obtained when the 276 bp 5′ probe was used to map MNase digestion sites (data not shown). This finding is in stark contrast to the results obtained with G1I chromatin, where the sites and extent of MNase digestion of the rPRL minichromosome were very different from G1I PF DNA. Throughout the rPRL enhancer region of rPRL minichromosomes in R1L chromatin MNase digestion sites were observed with a frequency of every 75-115 bp, much too small a fragment to accommodate a nucleosome core. However, the inaccessibility of the 5′ regulatory region to DNase I (Fig. 3) suggests that nucleosomes are positioned throughout the 5′ regulatory region of the rPRL-Tn5 gene in R1L cells. We interpret the data to indicate that within R1L cells there are multiple populations of rPRL minichromosomes in which nucleosomes are positioned at different sites in one minichromosome molecule versus another. In other words, they are translationally out of phase. With no preferred positioning of nucleosomes all possible sites for MNase cleavage would be accessible in a heterogeneous population of packaged minichromosomes. Each of these sites, relative to the AseI restriction sites used in the indirect end-labeling analysis, would be detected using short (∼200 bp) probes. Thus if a short probe is used, a heterogeneous population of minichromosomes that contain translationally out of phase nucleosomes would give a pattern of MNase digestion sites relative to a specific DNA sequence (restriction site) that would be very similar to PF DNA.
To further illustrate the differences in the positions of nucleosomes across the rPRL enhancer region between G1I rat pituitary cells and R1L rat fibroblast cells densitometric scans obtained from autoradiograms generated by hybridization of the 3′ rPRL probe to MNase-treated samples from G1I and R1L chromatin were overlaid (Fig. 5 ). Samples digested with 80 U/ml were chosen for comparison, since the degree of MNase digestion of genomic DNA was similar. The scans were normalized to the signal obtained from the 1675 bp repetitive fragment. From the data in Figure 5 it is clear that specific sites across the rPRL distal regulatory region and extending into the BPV region were much more accessible to MNase digestion in G1I nuclei compared with the same region in R1L nuclei. Particularly, the 3′-end of the enhancer element, which contains the ERE (peaks I-K) was highly sensitive to MNase in G1I cells compared with R1L cells.
Effect of estrogen treatment on nucleosome positions
In G1I cells sites of enhanced MNase digestion were located at -1436, -1498 and -1596 within the distal enhancer element (Fig.   Figure 5 . Nucleosomes are positioned differently on DNA sequences 5′ of the rPRL distal enhancer in G1I pituitary cells compared with R1L fibroblasts. Autoradiograms of MNase/AseI/CfoI-treated chromatin samples from Figure  4A were scanned by laser densitometry. Scans corresponding to 80 U/ml MNase (G1I, solid line; R1L, dashed line) were used for both samples. Signals generated from G1I and R1L chromatin were normalized to the 1675 bp repetitive fragment (rep) as described in Figure 4B . The areas under the peak representing the repetitive sequences were 13 858 and 10 178 units for the G1I chromatin and R1L chromatin respectively. Specific regions of enhanced MNase digestion are noted by the letters A-L. The specific locations (in rPRL map units) of MNase cleavage sites within these regions are listed below. 4B). However, the distance between these sites is <146 bp, the length of DNA that is wrapped around an intact nucleosome core. Similar patterns of MNase cleavage throughout the enhancer region, as well as in regions on either side of the enhancer, were obtained from nuclei isolated from E2-treated cells compared with the control (Fig.  6 ). Taken together, these results demonstrate that the distal enhancer element of rPRL-Tn5 in rat pituitary cells is not ordered into a nucleosomal array even in the absence of E2. Furthermore, E2 treatment does not alter the positions of nucleosomes on either side of the enhancer element.
DISCUSSION
Although eukaryotic DNA is packaged into nucleosomes, DNA sequences involved in modulating transcription must be available for binding of regulatory factors. After locating its response element a transcription factor must undergo a requisite combination of productive protein-DNA interactions and protein-protein interactions to evoke transcriptional activation. The promoters of some genes have nucleosomes positioned over important regulatory elements prior to gene activation. In the yeast PHO5 gene positioned nucleosomes inhibit trans-acting factor accessibility to the TATA box and one DNA binding site for the transcription factor PHO4 (27) . When phosphate starvation occurs PHO4 is activated and is able to bind its response elements in the PHO5 gene promoter, including the response element located in a nucleosome. As a consequence of PHO4 binding four nucleosomes are disrupted and this remodeling permits gene transcription (28) . In contrast, other promoters are packaged in a chromatin structure such that important cis-acting elements are always accessible, even when trans-acting factors are not present. In these primed genes the positions of nucleosomes on the promoter are not altered as a result of transcription factor binding. An example of a primed gene is the HSP26 gene. Prior to activation of transcription by heat shock this gene contains two DNase I hypersensitive sites in the 5′ promoter region (12) . Within these sites are the DNA sequences recognized by the key transcription factors HSF and GAGA factor. Thus in the uninduced state the chromatin structure of the HSP26 gene allows for free access of HSF and GAGA to their DNA binding sites. Similarly, our data suggest that the 5′ rPRL gene is a primed gene in rat pituitary cells. The region surrounding the ERE in the 5′ distal enhancer appears to be free of positioned nucleosomes, allowing free access of ER and possibly other transcription factors to their DNA binding sites.
There are not only cell-specific differences in transcription of the rPRL gene, but also cell-specific differences in the chromatin structure surrounding the key regulatory elements in the 5′ upstream regions of the gene. Both the distal enhancer and proximal promoter regions were hypersensitive to DNase I in rat pituitary cells, yet were refractive to DNase I in rat fibroblasts ( Fig. 3; 23) . Furthermore, positioned nucleosomes were mapped to sites flanking the distal enhancer in rat pituitary cells, whereas in rat fibroblasts the nucleosome array spanning this region was found to be translationally out of phase between different populations of nucleosomes (Figs 4 and 5) . These data suggest that pituitary-specific factors act to alter the chromatin structure of the rPRL gene. The pituitary specific factor Pit-1 is required not only for basal expression (25, 29) , but also for E2-induced activation of rPRL transcription (24, 30) . Although its mechanism of action is not clear, Pit-1 may function in establishing a nucleosome-free region in the rPRL promoter and enhancer of pituitary cells, allowing binding of additional transacting factors. However, factors in addition to Pit-1 may also be required. Transient expression of Pit-1 in Rat1 cells failed to activate endogenous rPRL gene transcription (M. A. Seyfred, unpublished observation; 25). In addition, Pit-1 is found not only in lactotrophs, where the rPRL gene is expressed, but also in thyrotrophs, where rPRL is not expressed (29) . These candidate factors include mammalian homologs of the yeast SWI/SNF protein complex, which have been implicated in presetting the chromatin structure of primed genes (31, 32) . The SWI/SNF proteins have also been shown to interact with the ER and affect the E2 responsiveness of reporter genes in yeast (33) . Thus Pit-1 may act to localize mammalian SWI/SNF homologs through protein-protein interactions and aid in altering the chromatin structure of the rPRL gene regulatory elements to permit subsequent gene activation.
